ABSTRACT: An imaginary part model of soil dielectric constant for predicting the soil salinity status was developed based on a series of relations between dielectric imaginary part and soil bulk conductivity, soil bulk conductivity and soil solution electrical conductivity, and soil solution electrical conductivity and ion contents in soil using pot trials with different soil salinity levels , respectively, but the inversion effect of Na + was relatively poor. Moreover, the Sc, Cl -, and Na + could be well inverted at high frequencies (C-band of microwave observations), since RMSEs were minor, with values of 0.25 g kg , respectively. The close fit between the observed and inverted values indicated that the present models could be used to estimate soil ion content quickly and reliably under different saline conditions, which, when suitable measures are taken, can be used to reduce the effects of soil salinity on crop growth.
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Introduction
At the turn of the century salt-affected land worldwide was more than 77 million hectares and approximately 43 million hectares of land was suffering from secondary salinization (FAO, 2000) . Salinity stress has become one of the major soil problems in agricultural production, and many agriculture experts have turned their attention to the improving saline soil (Richards, 1954) . Usually, soil salinization has been detected using traditional chemical methods which have proved to be exceptionally labor intensive and time wasting (Shrestha and Farshad, 2008) . This has been expected to lead to the rapid development of inexpensive tools for assessing soil salinity (Metternicht and Zinck, 2003) . Several researchers have attempted to identify soil salinity status using visible and near-infrared waves (Peñuelas et al., 1997; Wiegand et al., 1994) . However, given that the amount of soil salt detected using remote sensing is higher than the actual value (Sreenivas et al., 1995) , there is a need to evaluate sensors that use electrical properties such as microwave radars.
Compared with optical sensing, microwave sensing offers expressive advantages for detecting soil conditions. Several studies have utilized C-band, P-band and L-band to detect the characterization of soil (Sreenivas et al., 1995; Taylor and Mah, 1996; Xiong and Shao, 2006) . Several mixing models of dielectric constant have been conducted on the soil-water systems, such as the fourcomponent mixing model and the Dobson semi-empirical model (Wang and Schmugge, 1980; Dobson et al., 1985; Jackson and O'Neill, 1987; Peplinski et al., 1995) . However, the models are not applicable to all particular kinds of soil. When soils have a high salt content, the conductance of soil will be high, and the imaginary part of dielectric constant in this case will also be higher, indicating that the imaginary part of dielectric constant is more dependent on the salt ion in soil media (Sreenivas et al., 1995; Bell et al., 2001 ). Xiong and Shao (2006) also reported that the influences of salinity on dielectric constant should be specifically considered. In recent years, the rapid development of microwave remote sensing enables us to measure the imaginary part of dielectric constant speedily and easily. If we could establish the relation between the imaginary part of dielectric constant and soil ion contents, measuring the soil ion concentrations would be a very easy task, which will reduce labor intensity and save time. Consequently, this study tried to construct an imaginary part model of a dielectric constant to monitor the soil ion contents.
Materials and Methods

Experimental design
A pots experiment was conducted in a half open greenhouse construction to control precipitation in 2009 in Nanjing, China (32°02' N, 118°50' E, 26 m) . Cotton cultivars CCRI-44 and Sumian 12 were used. Seeds were planted in a nursery bed on 25 Apr in 2008 and 2009. At the three true leaves stage, seedlings were transplanted into plastic pots. Pot size was 50 cm high and 33 cm wide and the pots were filled with air dried soil (30 kg per pot) after passing through a 2 mm sieve. The soil was collected from the topsoil layer (0-30 cm) in the experimental field and the physical and chemical properties of the soil are presented in Seven types of salt (NaHCO 3 : Na 2 CO 3 : NaCl : MgSO 4 : CaCl 2 : MgCl 2 : Na 2 SO 4 = 1:1:1:1:1:1:1 ) were mixed into the sieved soils before starting the experiment (Zhang et al., 2012) . Five levels of salinity were designated as 0 mg kg -1 (CK, control), 35 mg kg -1 (S1), 60 mg kg -1 (S2), 85 mg kg -1 (S3) and 100 mg kg -1 (S4), which corresponded to the soil solution conductivity (soil:water = 1:5) of 1. 25, 5.80, 9.61, 13.23, and 14.65 dS m -1 , respectively, and were similar to the local coastal saline soil (Zhang et al., 2012) . The layout of the pots was random. Each treatment had 20 pots considered as 20 replications. The dielectric constant and soil ion content were recorded on 1 June (seedling stage), 3 July (budding stage), 15 Aug (boll-setting stage) and 10 Sept (boll-opening stage) in both years.
Laboratory analysis
For each treatment, four replicate soil cores (diameter = 3 cm, depth = 20 cm) were selected and mixed. The instantaneous soil water content was measured using the gravimetric method after the soil samples were dried at 105 °C (Zhang et al., 2012) . The soil was filled in an aluminum cup to a known volume. All soil samples required distilled water to be added to treat the soil water content as the original measurement. After 24 h an open-ended coaxial probe and a network analyzer were used to measure the imaginary part of dielectric properties at 0.5 GHz (P-band) and 5.25 GHz (C-band). To perform these measurements, the probe tip was inserted in the material and was kept in close contact with the material, and the ancillary software of the network analyzer extracted the imaginary part from the reflected signal. Additionally, EC, pH, and salt compositions in the soil-water (1:5) extract were assayed by the standard methods (Liu et al., 2008; Zhang et al., 2017) .
Statistical analysis
The data collected in 2008 were used to develop the imaginary part model of the dielectric constant. The model was tested using independent data from 2009. Root mean square error (RMSE) values were used to evaluate the goodness of fit between predicted values and observed values in the 1:1 plotting of the two sets of values. The RMSE is calculated using the following equation:
where Y j are the predicted values, X j the observed values, and n the sample number. All statistical calculations were performed using the SPSS program (version 16.0).
Results and Discussion
Effects of soil salinity on the ion content in soil
The results in Table 2 showed that as the growth stage progressed, the concentration of Na + , K + , Ca 2-increased with elevated soil salinity at every growth stage of cotton, suggesting that soil salinity had significant effects on ion content in soil. Xiong and Shao (2006) built an imaginary part model for a mixture of water and soil to which with sodium chloride based on a series of relations was added. According to the guiding ideology of establishing the model in an experiment, the imaginary part model in our study can utilize the method of relationship derivation to connect the imaginary part of dielectric constant to the soil ion content. Previous studies have reported the relation between dielectric imaginary part and soil bulk conductivity (Xiong and Shao, 2006) , and that between soil bulk conductivity and soil solution electrical conductivity (Shainberg et al., 1980) . In the current experiment, we needed to establish the relation between soil solution electrical conductivity and soil ion contents. Then, based on the series of relationships, we could use the easily measured imaginary part of dielectric constant to predict the soil salinity status. The detailed derivation process was described in the following subsections.
Model development
The relation between the imaginary part of the soil dielectric constant and soil bulk electrical conductivity Soil is a complex of air, water, and soil particles. The imaginary part of the soil dielectric permittivity is usually expressed in terms of dielectric losses, which are influenced by soil electrical conductivity and the soil itself (Corwin and Lesch, 2003) . Previous research has shown that electrical conductivity loss plays a very important role in determining the imaginary part of dielectric constant (ε") at both low and high frequency, the relaxation 
where c is a geometry factor, σ w the electrical conductivities of the 1:5 soil-water extract and σ s the matrix surface. At a high solution concentration, σ s approaches an ultimate value, and equation (4) becomes a linear function of σ w (Mualem and Friedman, 1991) . However, as the soil water content increases, σ a is further affected by the soil volumetric water content. Accounting for this effect, a new relationship for σ a and σ w was developed as follows:
The relation between electrical conductivity of soil solution and soil ion content Soil salinity is quantified based on the total concentrations of salts, which could be indicated by the electrical conductivity of soil-water solution (dS m -1 ) (Corwin and Lesch, 2005) . However, the chemical composition also affects soil electrical conductivity. McNeal et al. (1970) established a relationship between electrical conductivity of soil-water solution and molar concentrations of salts. Griffin and Jurinak (1973) also detected a linear regression relationship between soil electrical conductivity and the ion contents of soils to which only NaCl was added. However, when soil salinity is indicated by σ w , many factors, such as total salinity and soil salt composition will affect the measurement of σ w of saline soil. For example, Zhang et al., (2017) found that the σ w was higher in the water-soil system with high salt content relative to the water-soil system with low salt loss becomes a more important factor (Zhang et al., 2012) . Xiong and Shao (2006) have proved that dielectric losses of deionized water could be ignored at low frequency, but should be considered at high frequency. Moreover, a linear regression relationship was detected between ε" and soil bulk conductivity (σ a ) at both low and high frequency in their experiment. Combining this knowledge with the relationship between ε" and σ a , the equation of ε" was generated with a relatively simple form and a high degree of accuracy for both low and high frequencies.
At low frequency (P-band), a linear regression analysis was conducted between ε" and σ a . ε"=2.1577σ a -2.7142 (n=40, R 2 =0.86) f < 3 Ghz 2 where f is the frequency. At high frequency (C-band), the dielectric loss caused by water cannot be ignored (Zhang et al., 2012) . Thus, considering the water dielectric loss, ε" calculated as:
where ε w " is the imaginary part of dielectric constant of deionized water, σ a a constant at constant temperature, and M v the soil volume water content.
The relation between soil bulk electrical conductivity and electrical conductivity of soil solution
The σ a can serve as an indicator of soil salinity. Accordingly, σ a is represented by the summation of two terms (Shainberg et al., 1980) : content. Correlation analyses were conducted between the dependent variable σ w and independent variables including total salt content of soils, ion concentration, sodium adsorption ratio, and sodium dianion ratio (SDR) ( Table 3) .
Related factors such as total concentration of salt (Sc , and Na + the concentration of cation Na + in g kg -1
.
Inversion of soil ion content based on the imaginary part model of dielectric constant
The data in 2009 were used for verifying the developed model. In Figure 1 , a comparison of the inversed and observed values of Sc, Cl -, Ca 2+ and Na + , was presented at different salinity levels at low frequency (P-band). A very strong agreement between the inversed and observed data was noted for Sc, Cl -and Ca 2+ (R 2 were 0.94, 0.69, 0.80, and RMSE were 0.34 g kg -1 , 0.09 g kg -1 , 0.13 g kg -1 for Sc, Cl -, Ca 2+ , respectively) ( Table 4) . As regards the Na + , a large error occurring at low frequency (P-band) (R 2 and RMSE were 0.0015 and 0.21 g kg -1 , respectively), indicated that the Na + content in soil cannot be predicted well at low frequency using the model. The results in Figure 2 show content was high at high frequency (C-band) (R 2 and RMSE were 0.81 and 0.21 g kg -1 , respectively). These results showed the potential of this inversion model to accurately invert Sc, Cl -, Ca 2+ , and Na + in saline soil at both low and high frequencies. Compared to previous models constructed under signal NaCl salinity to estimate the soil electrical conductivity (Leao et al., 2010) , our simulation could be used to further invert the ion content based on the imaginary part of soil dielectric constant. Xiong and Shao (2006) have also constructed an imaginary part model of soil dielectric constant to invert the total salt contents. However, their experiment was conducted in NaCl salinity only, but our experiment involved the inversion of a variety of salt ions. Wei et al. (2017) tried to obtain a new imaginary part model of dielectric constant for the salt soil by improving the Dobson semi-empirical model used in a water-soil system, but the modified imaginary part model was easily affected by the water content in soil, resulting in low accuracy in the model. However, the model developed in our experiment is highly reliable for predicting total salt and multiple ion concentrations, which was conducive to providing information for proper soil management.
Our experiment was carried out using pots. The practicability of the model for the saline field under wider moisture conditions can be further tested. Furthermore, other factors, such as soil texture, can influence the soil dielectric constant (Hallikainen et al., 1985; Sreenivas et al., 1995) . Thus, further adjustment of the model should include further consideration of the soil texture under more variable environmental conditions. This study is the first attempt to characterize a group of soils with a wide range of soil ion content, and develop a new dielectric constant model relating to ε" and soil ion content. This model inverts the soil ion content easily, which could provide references for producers to take appropriate measures to reduce the effects of soil salinity on crop growth. 
Conclusions
In the present study, an imaginary part model of soil dielectric constant was constructed by studying the relations between the imaginary part of the dielectric constant and soil bulk conductivity, soil bulk conductivity and soil solution conductivity, and, finally, soil solution conductivity and the soil ion contents. The comparison between inverted values and observed values indicated that the soil ion contents (Sc, Cl -, Ca 2+ and Na + ) at different soil salinity levels could be well inverted using the imaginary part model of the dielectric constant. The present experiment confirmed the potential of microwave sensing in monitoring ion contents in soil. In the future, we shall also need to conduct more trials in the field with a wider range of soil textures and salt components.
